Details of the operation of a photoconductive decay technique called resonant-coupled photoconductive decay are revealed using modeling and circuit simulation. The technique is shown to have a good linear response over its measurement range. Experimentally measured sensitivity and linear response compare well to microwave reflection at low injection levels.
INTRODUCTION
Lifetime spectroscopy is a valuable tool for the characterization of photovoltaic materials. Measured lifetime values are inherently dependent on the defect and impurity densities present in the material. Injection level dependencies of the recombination rates further characterize the material and possibly provide information for the identification of specific impurities. Injection level dependent measurements are also applicable when measuring lifetime with respect to the material-doping level or the device-operating level, such as 1-sun intensity for typical solar cells. The technique for measuring injection level dependent lifetime therefore needs to have linear response and high sensitivity for measuring over large ranges of excited excess-carrier density.
Lifetime may be measured using contactless, transient photoconductive decay techniques such as microwave reflection photoconductive decay (IlPCD) or resonant-coupled photoconductive decay (RCPCD). For IlPCD (few to tens of GHz frequencies), the sample is coupled to the end of a microwave waveguide or antenna structure, and changes in reflected microwave power are sensed as short light pulses generate photoconductivity [1] [2] [3] [4] [5] [6] . RCPCD (-500 MHz) senses coupled impedance between the sample and a small coil, or other antenna structure [7] [8] [9] . For IlPCD, the sample is impedance matched to the waveguide by using an E and H plane tuner [3] , which are sliding shorts in each plane of the waveguide.
For RCPCD, the antenna with coupled sample can be impedance matched by adjusting a variable capacitor, frequency, and/or mutual coupling to the sample [9] . For each case, impedance matching is performed without a pulsed light source creating excess carriers, and the circuit's zero signal, or null, corresponds to no reflected power from the sample or circuitry. Excess carriers are created using a pulsed light source. For each 978-1-4244-1641-7/08/$25.00 ©2008 IEEE pulse, changes in sample conductivity disrupt the impedance-matched circuit balance, resulting in reflected power that is detected and recorded using an oscilloscope.
MODELING RCPCD RCPCD is modeled by forming an equivalent circuit. The most variable element, and difficult to model, is the coupling of the antenna structure, in this case a multi-turn coil, to the sample. The samples can vary greatly in size, shape, thickness, and doping, or conductivity. The circuitry, therefore, needs tunable parameters to account for the varying sample conditions. These are the coupling distance, operating frequency, and a tunable capacitor. We begin with modeling the coupling of the sample to a coil antenna. Figure 1 shows a photo of the coil coupled to a small piece of semiconductor.
The impedance of the coil (coupled to the sample) is measured by directly placing the coil on an impedance analyzer. The change in impedance due to photoconductivity is measured by shining light on the sample. A sample with -100 ohm-cm resistivity was used so that the relatively weak light source could sufficiently increase the conductivity. Figure 2 . Impedance analyzer data for increasing photo conductivity and varying sample coupling.
The coupling of the sample to the coil antenna can be thought of as a transformer, where the coil is a single turn secondary coupled to the primary coil by a mutual inductance. This equivalent circuit is shown in Fig. 3 . The transformer model is a simplistic equivalent circuit with many fitting parameters.
We have also used Ansoft's high frequency simulation solver (HFSS) for three dimensional solutions of electromagnetic fields. The Figure 5 . HFSS model for a sample coupled to a coil antenna. The electric field values are illustrated by color and increase from blue to red.
The sample was chosen to have an initial resistivity of 1000hm-cm. Impedance data was calculated as the resistivity was reduced to -2 ohm-cm. These data were then offset so that the initial resistivity corresponds to values of zero for ~R and M. As shown in Fig. 6 , the response of ~R versus M is similar to the measured values and those given by the transformer model. 
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Trl/m$form..:llm~.n.:. (6)(} Figure 6 . Response of changing resistance, ~R, and changing reactance, M, as a function of increasing conductivity using the Ansoft HFSS modeling software.
The coil antenna is connected to a coaxial cable. The length of the cable is important as it assists in determining the tuning frequency. The coil is soldered to 50 n, semi rigid, coaxial cable that is approximately 150 mm in length. The circuit's impedance as a function of frequency is measured using the impedance analyzer, and the results are shown in Fig. 7 (a). The length of coaxial cable connected to the coil can also be modeled.
The coil is modeled using the transformer model from before, and the coaxial cable is modeled using the transmission line formula of Equation 1.
Zo is 50 n, the characteristic impedance of the coaxial cable. ZL is the equivalent impedance of the coil and sample using the transformer circuit.
Ztrans is the impedance seen at the input of the coaxial cable; z is length, and J3=2WIv, where Iv is wavelength. The modeling results shown in Fig. 7(b) give similar impedance characteristics to those that were measured.
A variable capacitor is used to impedance match the coil, sample, and length of coaxial cable to the characteristic impedance of 50 n. The capacitor is enclosed in a metal-shielded box to reduce radiation and decrease losses. This air gap capacitor has low frequency values ranging from approximately 10 to 35 pF; however, the capacitor is used when it is near its self-resonance frequency.
At these high frequencies, the capacitor is modeled by a distributed circuit analysis, which accounts for high-frequency behavior [10) . As shown in Fig. 8 , the high-frequency modeling data of the capacitor fit the impedance analyzer measurement data very well.
Adding the capacitor to the input end of the coaxial cable leads to the configuration needed to create the impedance matching condition. The capacitor is in parallel; it bridges across from the inner conductor of the coaxial cable to the outer conductor as shown in Fig. 9 . The circuit as shown in Fig. 9 was connected and measured on the impedance analyzer. These results are shown in Fig. 10(a) . Features relate to resonances as the coaxial cable varies between capacitive and inductive, and also the resonance of the capacitor near 500 MHz. This circuit is also modeled by combining the transformer model to represent the coil antenna and the sample, the transmission line equation to represent the coaxial cable length, and the high frequency capacitor model. The modeling results are shown in Fig. 10(b) and resemble the measured impedance values. The most interesting feature to note is the resonance near 500 MHz where the combination of coil impedance, coaxial cable length, and capacitance resonance leads to a circuit impedance resonance.
This feature is shown expanded in Fig. 11 . Within the resonance feature near 500 MHz, there is a point where both the impedance magnitude is 50 nand the impedance angle is 0°.
Thus, the circuit looks perfectly impedance matched to 50 n of real resistance at this particular tuning point. This tuning point depends upon the total impedance; thus, it depends upon the sample coupling and conductance.
However, by adjusting at least two of three variables (variable capacitor and frequency and/or sample coupling distance), the impedance matching point can be found, and this point serves as a baseline for the lifetime measurement.
For lifetime measurement, the circuit is initially tuned so that the input impedance looking into the capacitor is 50 n real resistance.
At this condition, power flows into this branch of the circuit, and no power is reflected back. Then, as a light pulse is absorbed in the sample, photoconductivity changes the sample's resistance, and the overall circuit's impedance.
This impedance change results in the input impedance no longer looking like 50 n; thus, power is now reflected. A directional coupler is used as a "reflectometer" such that power is fed into the "out" port. Power then flows out of the "in" port and into the tuned antenna circuit branch.
Impedance mismatch induced by pulsed light absorbed in the sample leads to reflected power that then re-enters the "in" port of the directional coupler.
A portion of this power exits the directional coupler from the "coupled" port. A photo of the circuit is shown in Fig. 12 . A circulator can also be used for this "reflectometer" component.
The RCPCD frequency operating point is where the system impedance is 50 n of real resistance, and the 978-1-4244-1641-7/08/$25.00 ©2008 IEEE reflection coefficient, r, is nearly zero. Figure 13 shows details of the circuit branch impedance versus frequency. With no sample, or unloaded, the impedance matching frequency is near 434 MHz. This frequency point is shifted due to the measurement of a slightly different configuration that has a coaxial feedthrough and sample stage for sample positioning and laser light enclosure. The quality factor, Q, of the tuned impedance matching resonance is about 140. Next, a sample is coupled to the coil antenna, and this now "loaded circuit" is retuned by adjusting the variable capacitor and the frequency.
The operating frequency shifts to about 433 MHz, and the sample has induced more loss into the circuit that lowers the Q to approximately 127.
Finally, light is directed onto the sample without retuning the circuit. This results in the curve labeled as "loaded & light" which shows a slight shift in the curve again. To see the effect of the sample photo conductance, this area of the graph is expanded and shown in Fig. 14 . Here, the initial reflection coefficient is seen to be 0.0007, or nearly zero. With light, the reflection coefficient increases to 0.0356 at the circuit's operating frequency.
Then, to complete the lifetime measurement circuitry, the reflected power is amplified, rectified with either a diode or mixer circuit, and displayed on an oscilloscope that is triggered in sync with the light pulses. Measurements can be averaged on the oscilloscope over tens to hundreds of light pulses to improve the signal-to noise ratio. For a linear response, the reflected power should vary with the sample photoconductance by a linearly proportional amount. As shown in Fig. 15(a) , modeling of r versus changing sample resistance implies a good linear relationship.
As shown in Fig. 15(b) , experimental measurement of r versus photoconductivity confirms this relation. When r -0.05, the output pulse of the amplifier 0.06 (8) 0.04 is nearly saturated, so measurements are made using r<0.05.
In order to make measurements at higher injection levels, the sample can be coupled farther from the antenna to reduce the signal sensitivity.
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Il PCD
The /JPCD technique is well studied, and commercial measurement systems are available. Microwaves, typically in the 10 to 30 GHz range, are reflected by the free carriers of the semiconductor, and the reflection coefficient is a function of carrier density. Pulsed light excites excess carriers, which modify the reflection coefficient of the microwave signal.
The reflection coefficient is a nonlinear function of sample resistance.
Such nonlinearity may distort the transient time-resolved microwave reflectance signal. Small excess-carrier injection levels lead to small changes in microwave reflection that will accurately track changes in conductivity. But, at the highest conductivity ranges, the response will saturate, as the reflection coefficient approaches unity.
For our measurement setup, we use a frequency of 20 GHz and corresponding-sized waveguide components. The microwave power is supplied by a signal generator a~d t.hen passes through an isolator before entering a directional coupler. After the directional coupler, the circuit contains an E-H plane tuner, which is used to minimize reflected power when the sample is positioned at the end of the open waveguide.
Reflected power returns through the directional coupler and is coupled out to a 20 GHz amplifier and finally a diode detector. The output is then amplified by a high bandwidth pulse amplifier and displayed on an oscilloscope.
Once light pulses are exciting carriers in the sample, the E-H plane tuner is adjusted to maximize the signal by finding the best-offset bias for the diode detector.
TRANSIENT FREE-CARRIER ABSORPTION
Transient free-carrier absorption (FCA) is an optical technique based on measuring absorption changes of a transmitted infrared probe beam while excess carriers are excited by an absorbed light pulse [11] . The absorption coefficient is linearly dependent upon the density of free excess carriers; thus, the technique is capable of probing lifetime over a broad range of injection levels.
Our measurement setup uses a 3.39 /Jm wavelength HeNe laser as the probe beam and an InSb detector. The probe beam is incident on the sample at an angle of -25°.
TECHNIQUE COMPARISON
For all three measurements, we use a Nd:YAG pulsed laser with optical parametric oscillator tuned to -1100 nm wavelength as an excitation source for a silicon sample. The pulse width is -5 ns, and the spot size is -1 cm in diameter. The laser pulses at 10Hz, and pulse-to-pulse averaging of the oscilloscope is used to improve the signal-to-noise ratio.
For technique comparison, we chose a sample that could be measured on each technique using the same excitation laser and spot size. The sample is a double- While the IlPCD signal saturates at higher injection levels, the RCPCD signal has slope and does not saturate at the same injection levels. The RCPCD high injection decay rates are similar to those of transient FCA, which were also measured at high injection level. The transient FCA data are shown in Fig. 16(c) . Unfortunately, our transient FCA technique so far does not have sufficient sensitivity to make measurements at lower injection levels.
SUMMARY
We have combined modeling and experimental results to illustrate the operation and injection-level dependent response of RCPCD. Simple circuit modeling has shown why we expect RCPCD to behave with a relatively linear response, even at high carrier injection levels.
A measurement of RCPCD at varying injection levels was compared to measurements from IlPCD and transient FCA.
